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ABSTRACT
Quasars represent the brightest Active Galactic Nuclei (AGN) in the Universe and are thought
to indicate the location of prodigiously growing Black Holes (BHs), with luminosities as high
as 1048 erg s−1. It is often expected though that such an extremely energetic process will take
place in the most massive bound structures in the dark matter (DM) distribution. We show that
in contrast to this expectation, in a galaxy formation model which includes AGN feedback,
quasars are predicted to live in average DM halo environments with typical masses of a few
times 1012M⊙. This fundamental prediction arises from the fact that quasar activity (i.e., BH
accretion with luminosity greater than 1046 erg s−1) is inhibited in DM haloes where AGN
feedback operates. The galaxy hosts of quasars in our simulations are identified with over
massive (in gas and stars) spheroidal galaxies, in which BH accretion is triggered via a galaxy
merger or secular processes. We further show that the z = 0 descendants of high redshift
(z & 6) QSOs span a wide range of morphologies, galaxy and halo masses. The z ∼ 6 BHs
typically grow only by a modest factor by the present day. Remarkably, high redshift QSOs
never inhabit the largest DM haloes at that time and their descendants are very seldom found
in the most massive haloes at z = 0. We also show that observationally it is very likely to
find an enhancement in the abundance of galaxies around quasars at z ∼ 5. However, these
enhancements are considerably weaker compared to the overdensities expected at the extreme
peaks of the DM distribution. Thus, it is very unlikely that a quasar detected in the z & 5
Universe pinpoints the location of the progenitors of superclusters in the local Universe.
Key words: cosmology:dark matter – cosmology:large-scale structure of Universe – cosmol-
ogy:theory – galaxies:haloes – galaxies:quasars
1 INTRODUCTION
The clustering of dark matter (DM) haloes is a well studied prob-
lem, since it is exclusively determined by the nature of the DM
particle, gravity and the expansion history of the Universe. Numer-
ical simulations and analytical models show that there is a strong
dependence of clustering on mass, with higher mass haloes be-
ing more clustered than lower mass haloes (Sheth & Tormen 1999).
On the other hand, the clustering of galaxies depends strongly
on the physics of galaxy formation (gas cooling, star forma-
tion, feedback) and does not exactly map the distribution of DM.
As a consequence, galaxies are biased tracers of the DM dis-
tribution (Kaiser 1984; Bardeen et al. 1986; Cole & Kaiser 1989;
Mo & White 1996). However, despite its complexity, there is
strong dependence of galaxy clustering on luminosity, which im-
plies that more luminous galaxies live in more massive haloes than
less luminous galaxies (Norberg et al. 2001; Zehavi et al. 2005). In
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this context, quasars have gained immense popularity as galaxy
tracers of the most massive haloes at high redshifts, because they
are extremely bright and are observed at great distances. Conse-
quently, if quasars live in the most massive haloes it is expected
that those detected at high redshifts should directly probe the early
growth of these structures. Yet, it remains unclear whether or not
bright quasars do indeed reside in the extremes of the dark matter
distribution.
In the low-z Universe (z . 2), clustering studies of quasars
in large surveys such as the Sloan Digital Sky Survey (SDSS) and
the 2dF, suggest that the typical DM halo mass of luminous quasars
is (2 − 3) × 1012h−1M⊙ (Wake et al. 2004; Porciani et al. 2004;
Croom et al. 2005; Ross et al. 2009, see also Shanks et al. 2011).
This is considerably lower than the mass of the largest haloes in
place at that redshift (which typically is of the order of 1014 −
1015M⊙) and independent of quasar luminosity (see however
Shen et al. 2012). Therefore, quasars in the low-z Universe re-
side in average regions of the DM distribution. This picture is
supported by semi-analytical studies, in which quasar activity
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is usually driven by galaxy-galaxy mergers (Bonoli et al. 2009;
Bonoli et al. 2010, see also Marulli et al. 2008). The model by
Bonoli et al. (2009), which is built upon the galaxy formation
model of De Lucia & Blaizot (2007), predicts an average halo mass
of 1012 − 1013 M⊙ for quasars. Quasar activity in more massive
haloes is typically inhibited due to the suppression of gas cooling
by AGN feedback.
In the high-z Universe (z & 2) the picture is not clear. The
clustering of z > 2.9 quasars in the SDSS indicates a mini-
mum halo mass of (3 − 6) × 1012h−1M⊙, slightly more mas-
sive than that of their lower-z counterparts (Shen et al. 2007). The
strong clustering of quasars in their sample implies that quasars in
the high-z Universe are tracers of highly biased massive haloes.
These predictions sparked numerous studies of the environment
of high-z quasars. In these studies, the environment of quasars
is usually probed by estimating the abundance of emission line
galaxies such as Hα galaxies, Ly-α emitters (LAEs) or Lyman
Break Galaxies (LBGs) around the quasar. A higher abundance
of galaxies compared to the field typically indicates an overden-
sity, which then implies that the host halo is relatively overmas-
sive. At such high redshifts, these structures could be collaps-
ing in today’s clusters and therefore, it is likely that the quasar
under investigation pinpoints the direct location of a protoclus-
ter. Interestingly, there is an ambiguity regarding the conclu-
sions of the different studies in the literature. Even though a cer-
tain number of studies suggest that quasars indeed trace mas-
sive structures (Cantalupo et al. 2012; Swinbank et al. 2012) an
equal number claim that the environment of quasars is average
(Francis & Bland-Hawthorn 2004; Kashikawa et al. 2007, see also
Swinbank et al. 2012).
The quest to find overdensities around quasars becomes of par-
ticular interest when the most distant (z > 5) quasars are consid-
ered. The relatively high luminosities of these objects indicate that
the mass of the BHs powering accretion is close to 109 M⊙, al-
ready at z = 7 (Mortlock et al. 2011). This implies that the BHs in
the z ∼ 6 quasars have grown in environments where the existence
of abundant cold gas is favoured. It is appealing then to associate
these environments with the most massive structures of DM, where
gas cooling is expected to be prodigious. For this reason, it has been
assumed that the most distant quasars reside at the peaks of the DM
distribution (Fan et al. 2003) and therefore, trace the location of the
progenitors of today’s superclusters. This assumption has become
the norm in theoretical studies of the evolution of the DM distribu-
tion and galaxies, where quasars are typically associated with the
most massive DM haloes in the early universe (Springel et al. 2005;
Overzier et al. 2009; Capak et al. 2011; Angulo et al. 2012).
Observationally, there have been several studies that sup-
port this scenario, usually by probing overdensities of faint i775-
dropout (Stiavelli et al. 2005; Zheng et al. 2006) or sub-mm galax-
ies (Priddey et al. 2008) in the fields of z ∼ 6 quasars. How-
ever, Willott et al. (2005) performed deep optical imaging of three
6.2 < z < 6.5 quasar fields and found no evidence of i′-
band dropout overdensities (see also Carilli et al. 2004). Similarly,
Kim et al. (2009) observed i775-dropouts in five z ∼ 6 SDSS
quasars fields and found that only 2 show any evidence of an over-
density. Finally, in a more recent study, Banados et al. (in prep.)
searched for LBGs and LAEs in the field of a z = 5.7 quasar,
probing LAEs in a narrow redshift range of ∆z ≃ 0.1. The authors
show that the LBG and LAE abundances are consistent with those
found in random fields and therefore the quasar does not reside in
an overdensity. Thus, the picture emerging for the z > 5 quasars is
also not clear.
Here we present a study of the DM environment of quasars by
employing the semi-analytic model GALFORM. In this model, the
formation and evolution of galaxies and BHs is fully coupled, and
modelled consistently within the hierarchical clustering of the DM
distribution (Fanidakis et al. 2011; Fanidakis et al. 2012). The aim
of the study is to shed light on the typical halo mass of quasars in
the low and high-z Universe and to provide a physical framework
within which the aforementioned observations can be explained.
The paper is organised as follows. In Section 2 we briefly describe
the main points of the model used in this analysis. In Section 3
we present the predictions of the model for the correlation between
AGN luminosity and host halo mass, and demonstrate how quasars
inhabit average DM environments. In Section 4 we explore the en-
vironmental dependence of the brightest quasars in the early uni-
verse and trace their descendants to z = 0. In the same section we
also make predictions for the expected number of galaxies around
quasars in order to reconcile the observations. Finally, we complete
our analysis by summarising our findings in Section 5. The cos-
mology adopted in our simulations is similar to the best constrains
on the cosmological parameters from the analysis of the seven-
year data release from WMAP (WMAP7, Komatsu et al. 2011).
Throughout this paper we choose: Ωm = 0.227, Ωb = 0.045,
ΩΛ = 0.728 and σ8 = 0.811. We set h = 0.7 for all galaxy
properties that we calculate.
2 THE MODEL
To tackle the key questions of galaxy formation several
techniques have been devised over the past two decades.
Among the most prominent is semi-analytical modelling (see
Baugh 2006Benson 2010, for a review). Semi-analytical models
combine the strength of direct N-body simulations of the DM
density field with the flexibility of a set of coupled differential
equations that describe the physical processes that govern galaxy
formation and evolution. The former approach has the advantage
of being computationally inexpensive and therefore, ideal for ex-
ploring the BH parameter and model (adding new physics) space.
Among the most prominent semi-analytical models is GALFORM
(Cole et al. 2000).
GALFORM takes into account in a self consistent way all
the main processes involved in galaxy formation: i) formation
and evolution of DM haloes in the ΛCDM cosmology, ii) gas
cooling and disc formation in DM haloes, iii) star formation,
supernova feedback and chemical enrichment, iv) BH growth and
AGN feedback, v) and formation of bulges during galactic disc
instabilities and galaxy mergers. The model has been successful
in reproducing many observations including the luminosity and
stellar mass function of galaxies, the number counts of sub-
millimeter galaxies galaxies, the evolution of LAEs and LBGs,
the HI and HII mass functions and the AGN diversity and evo-
lution (Baugh et al. 2005; Bower et al. 2006; Orsi et al. 2008;
Kim et al. 2011; Lacey et al. 2011; Lagos et al. 2011;
Lagos et al. 2012; Fanidakis et al. 2011; Fanidakis et al. 2012;
Gonzalez-Perez et al. 2013).
For the purposes of this analysis, we couple GALFORM
with the AGN model described in Fanidakis et al. (2012). The
1 Ωm, Ωb and ΩΛ express the present density of the baryonic, total matter
and dark energy components of the Universe relative to the critical density
(ρcrit = 3H2/8piG). σ8 measures the rms mass fluctuations in spheres of
radius 8 h−1Mpc linearly extrapolated to the present day.
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Fanidakis et al. model follows the mass accretion rate onto the BHs
and the evolution of the BH mass, MBH, and spin, a, allowing
the calculation of a plethora of predictions related to the nature
of AGN. The evolution of BHs and their host galaxies is fully
coupled: BHs grow during the different stages of the evolution of
the host by accreting cold (merger/disk-instability driven accretion:
starburst mode) and hot gas (diffuse halo cooling driven accretion:
hot-halo mode) and by merging with other BHs. These processes
build up the mass and spin of the BH, and the resulting accre-
tion power can regulate the gas cooling and subsequent star for-
mation in the galaxy. The resulting mass of the BH correlates with
the mass of the galaxy bulge in agreement with the observations
(Ha¨ring & Rix 2004).
The gas accreted during the starburst is converted into an
accretion rate, M˙ , by assuming that the accretion duration is
proportional to the dynamical timescale of the host spheroid.
In the hot-halo mode the accretion rate is calculated using the
timestep over which gas in accreted from the halo. The bolomet-
ric luminosity of the accretion flow, Lbol, is then calculated by
coupling the accretion rate with the Shakura-Sunyaev thin disk
(Shakura & Sunyaev 1973)
Lbol = ǫM˙c
2, (1)
for accretion rates higher than 1 percent of the Eddington accretion
rate (m˙ = M˙/M˙Edd > 0.01) or, otherwise, the ADAF thick disk
solution is adopted (Narayan & Yi 1994; Mahadevan 1997),
Lbol,ADAF = 0.44
(
m˙
0.01
)
ǫM˙c2. (2)
When the accretion becomes substantially super-Eddington
(Lbol > ηLEdd), the bolometric luminosity is limited to (Shakura
& Sunyaev 1973)
Lbol(> ηLEdd) = η[1 + ln(m˙/η)]LEdd, (3)
where η is an ad hoc parameter, which we choose to be equal to
4, this allows a better reproduction of the bright end of the quasar
luminosity function. However, we do not restrict the accretion rate
if the flow becomes super-Eddington. The luminosity output calcu-
lated via Eqns. (1), (2) and (3) is assumed to be constant during the
accretion of gas With these expressions for the bolometric luminos-
ity of the accretion flow, we henceforth define an active galaxy in
our simulation to be a quasar (QSO) if its central engine exceeds
1046 erg s−1 in bolometric luminosity. Active galaxies with lower
bolometric luminosities will be generally described as AGN.
The merger trees of DM structures are extracted from the DM
only N-body simulation MillGas (Thomas et al. in prep.). The Mill-
Gas simulation has the same mass resolution, particle number and
box size as the Millennium simulation (Springel et al. 2005) and
differs only in the background cosmology (which is in agreement
with WMAP7 results). To avoid resolution biases in the galaxy
properties we calculate we consider only DM haloes with masses
greater or equal to 1011M⊙. To test that DM haloes with masses
lower than 1011 M⊙ do not affect our predictions, we compare our
findings with a simulation built on Monte-Carlo generated trees.
The Monte Carlo algorithm we use to generate the DM halo merger
trees has been presented in Parkinson et al. (2008). We find no dif-
ference between the predictions of the N-body and Monte-Carlo
based simulations on the galaxy properties presented in this analy-
sis.
We note that, the AGN and galaxy formation model pre-
sented in this analysis is built upon a WMAP7 cosmology, whereas
the cosmology of the original Fanidakis et al. model is that of
WMAP1. A change in cosmology requires retuning of the model
mainly due to the change in the value of σ8 from WMAP1 to
WMAP7. To this end, we have retuned the model to match key
BH observables in the local Universe (BH scaling relations) and
the overall evolution of AGN in the z = 0 − 6 Universe. These
predictions, along with the properties of the background galaxy
formation model, will be presented in forthcoming publications
(Fanidakis et al. in prep; Lacey et al. in prep.). We refer the reader
to Guo et al. (2013) for a recent discussion on how the formation,
evolution and clustering of galaxies varies with cosmological pa-
rameters.
3 THE ENVIRONMENT OF LUMINOUS QUASARS
In this section we show predictions for the DM halo mass of the
AGN in our model and emphasise on the host DM halo properties
of the most luminous quasars (Lbol > 1046 erg s−1). We also cal-
culate the expected DM halo mass of quasars in order to provide a
more statistical measure for the quasar environment, one that can
be directly compared with the observations.
3.1 Distribution of AGN on the Lbol −MHalo plane
The existence of two modes of accretion in our model (i.e., starburst
and hot-halo mode) leads to a complicated environmental depen-
dence of AGN. This is illustrated in Fig. 1, where we show how the
bolometric luminosity correlates with DM halo mass at z = 0−6.2.
We also show the median of the Lbol −MHalo correlation in the
starburst and hot-halo modes (dashed and dashed-dotted lines re-
spectively) to help the reader distinguish the locus of each mode.
As illustrated by all redshift panels, AGN have a richly varied
distribution on the Lbol −MHalo plane. Depending on the mode
they accrete in, they are either found on the lower-middle part of
the plane (starburst mode) or distributed diagonally upwards along
the plane (hot-halo mode). In the starburst mode, the bulk of AGN
is found in∼ 1011−1012 M⊙ haloes, although there is a very large
scatter. In contrast, in the hot-halo mode we find a strong (positive)
correlation between halo mass and luminosity, which extends to
halo masses of ∼ 1015M⊙. The shape of the two regimes remains
the same with increasing redshift, but the relative density of AGN
in the hot-halo mode changes significantly. At very high redshifts
(z & 5), the hot-halo branch almost vanishes, which is mainly due
to the fact that not many DM haloes are subject to AGN feedback in
the early universe (as we will describe in detail in the next sections).
In contrast, the starburst mode becomes the dominant mode at high
redshift, mostly due to the higher abundance of cold gas in galaxies
in the early universe.
The typical stellar mass of AGN hosts varies strongly too.
We show this in Fig. 2, where we now weight objects on the
Lbol − MHalo plane according to their stellar mass, Mstar (indi-
cated by the colour bar on the right). As illustrated by the individ-
ual redshift bins, in the starburst mode we find a strong correlation
of luminosity with stellar mass at z < 1, which spans approxi-
mately three orders of magnitude in stellar mass. We also find that
the brightest objects, i.e., the quasars, live in very massive systems
with typical stellar masses of Mstar & 1011 M⊙. These objects
are the remnants of massive disk galaxies that have recently ex-
perienced a disk instability, or occasionally a galaxy merger, and
vast amounts of gas have become available for growing their cen-
tral BH. Morphologically, these systems are spheroid dominated
and tend to be oversized in stellar mass for their halo mass, as
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. The correlation between bolometric luminosity and DM halo mass at z = 0−6.2 for the active galaxies in our model. Galaxies on the Lbol−MHalo
plane are volume weighted as indicated by the colour bar. The horizontal dotted lines represent the mass of the most massive halo present in the simulation at
that redshift. The white dashed and dashed-dotted lines in each panel show the median of the Lbol −MHalo correlation for the starburst and hot-halo modes
separately.
they represent the extreme scatter of the MHalo −Mstar relation
(Moster et al. 2010, Moster et al. 2013). As they are characterised
by high star-formation rates (triggered during the merger or disk-
instability) they are not associated with elliptical galaxies yet. The
average halo mass of these very luminous quasars remains close to
∼ 1012 M⊙ (with some considerable scatter), much lower than the
typical halo masses of lower luminosity AGN.
For the AGN feedback to switch on in our model it is nec-
essary for the host halo to be in hydrostatic equilibrium. That is,
the cooling time of the hot gas is much longer than a multiple of
the free-fall time of the halo. In addition, the BH at the centre of
the halo needs to be massive enough to efficiently heat the gas in
the halo via the jet (see Bower et al. 2006, for the details of the
AGN feedback mechanism). This typically occurs at a halo mass
of 1012 − 1012.5 M⊙ (the precise mass is controlled by a model
parameter) and a BH mass of 108.5 − 109M⊙. The most lumi-
nous quasars satisfy these conditions. Therefore, it is expected that
Mstar ∼ 10
11 M⊙ galaxies that undergo a significant quasar phase
soon become subject to AGN feedback. Once this happens, the cen-
tral BH accretes via the hot-halo mode, which is characterised by
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Same as in Fig. 1, with the colour shading now representing the average host stellar mass (in bins of Mstar), as indicated by the colour bar. The
horizontal dotted lines represent the mass of the most massive halo at that redshift. The dashed and dashed-dotted lines in every panel show the median of the
Lbol −MHalo correlation for the starburst and hot-halo modes seperately.
much lower accretion rates than the starburst mode. A fraction of
the accretion luminosity produced during the hot-halo mode is cou-
pled directly to the host halo and via the AGN feedback mechanism
suppresses the cooling of cold gas.
The hosts of AGN in the hot-halo branch are usually very
massive in stellar mass. They live in haloes where gas cooling
and star formation has been shut off by AGN feedback, and hence
are red and dead. We associate these objects with the population
of elliptical galaxies. Their central BHs accrete gas from the hot-
halo, and due to their low density, the bolometric luminosity of
the accretion flow remains low (the geometry of the flow is usu-
ally that of an ADAF). Therefore, the majority of objects in this
mode have a moderate luminosity output, except from those in
haloes of ∼ 1015M⊙, where the central BH can shine as bright
as 1046 erg s−1.
Finally, from Fig. 1 we see that at z . 1.5 the number
density of objects accreting during the hot-halo mode is very
high. Therefore, we expect these objects to influence strongly
the typical environment of the 1044 − 1046 erg s−1 AGN.
We explore this topic in Fanidakis et al. (2013) where we find
that our predictions for the typical DM halo mass of mod-
erate luminosity AGN is much higher than that of luminous
c© 0000 RAS, MNRAS 000, 000–000
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quasars. This is in excellent agreement with clustering studies
of moderate luminosity X-ray selected AGN (Coil et al. 2009;
Gilli et al. 2009; Cappelluti et al. 2010; Mountrichas et al. 2012;
Krumpe et al. 2010; Starikova et al. 2011; Krumpe et al. 2012;
Allevato et al. 2011, see also Koutoulidis et al. 2013).
3.2 The effective halo mass of quasars
We will now try to quantify the environment of quasars in a more
statistical way by calculating the effective halo mass, MHalo,eff ,
for all quasars in our simulation. MHalo,eff can be determined by
an effective bias defined as (Baugh et al. 1999):
beff =
∫
b(MHalo)Nq(MHalo)n(MHalo)d logMHalo∫
Nq(MHalo)n(MHalo)d logMHalo
, (4)
where b is the bias of DM haloes with mass MHalo, Nq(MHalo) is
the mean number of quasars in a halo of massMHalo and n(MHalo)
is the number density of DM haloes with mass MHalo. We cal-
culate MHalo,eff from beff using the ellipsoidal collapse model of
(Sheth & Tormen 1999). Therefore the model predictions can be
compared directly to the observational estimation of quasar halo
masses from surveys such as SDSS and 2dF.
The MHalo,eff of quasars as a function of redshift is shown in
Fig. 3 (solid red line). As illustrated by the plot, MHalo,eff remains
close to ∼ 1012.4 M⊙ for quasars in the low-redshift universe, and
drops by ∼ 0.2 dex as z increases. This prediction is consistent
with what clustering analyses of quasars in galaxy surveys indi-
cate (Croom et al. 2005; Ross et al. 2009), namely that quasars in
the low-z Universe tend to live in average DM environments. We
note that, to produce such high luminosities as 1048 erg s−1, a vast
amount of gas is required to be accreted, which is why we find
our brightest sources in the most gas rich (and massive) galax-
ies. Yet, even these extreme objects tend to be found in haloes of
similar mass (∼ 1012M⊙) to the hosts of average quasars. We
show this in the inset panel of Fig. 3, where we plot MHalo,eff
as a function of redshift for different luminosity AGN populations
(Lbol = 1043, 1046, 1047 and 1048 erg s−1). Quasars (Lbol >
1046 erg s−1) are found to have the same environment, with only
insignificant variations at low redshift. In contrast, AGN belonging
to much less luminous classes (e.g., Lbol = 1043 erg s−1) tend to
live in haloes more massive by an order of magnitude at low red-
shift.
Finally, in Fanidakis et al. (2013), we suggest that the lumi-
nosity output of an AGN is determined by the accretion channel
and ultimately by the DM halo mass of the AGN host. For exam-
ple, haloes that are subject to AGN feedback can only host AGN
whose accretion flow is relatively under dense, and therefore pro-
duce moderate luminosities (1044−1046 erg s−1). Accretion in this
case is fed directly by the hot halo around the galaxy. In this pic-
ture, quasars can only exist in average environments where AGN
feedback is not present and thus, gas in the host halo can cool ef-
ficiently. The importance of AGN feedback in defining the halo
mass of bright QSO, is illustrated by the blue line in the main
panel of Fig. 3, which shows MHalo,eff for quasars in a simula-
tion where AGN feedback is turned off. In this case, the typical
halo mass of quasars2 increases dramatically, making their envi-
ronment that of the very massive haloes. In fact, the largest halo
2 In this simulation we consider all AGN with Lbol & 1046 erg s−1 as
quasars. We note, that in this case, the model has not been tuned to fit the
observational data. Requirement of retuning the accretion model might re-
Figure 3. The effective DM halo mass of quasars (Lbol > 1046 erg s−1)
as a function of redshift (solid red line). Predictions are also shown for a
simulation where AGN feedback is not taken into account (blue solid line).
The grey solid line represents the mass of the most massive halo in the sim-
ulation at a given redshift. Inset panel: Effective DM halo mass as a function
of redshift for four different luminosity AGN populations, as indicated by
the key (quasars represent the Lbol = 1046, 1047 and 1048 erg s−1 pop-
ulations).
at a given redshift (indicated by the solid grey line in the plot)
is now found to host a very bright quasar with typical luminos-
ity of ∼ 1047 − 1048 erg s−1. Hence, in a universe without AGN
feedback, galaxy groups and clusters should be the typical environ-
ments where enormous quasar activity takes place. However, in our
observable Universe bright quasars are never observed in the cores
of clusters in the low-redshift Universe.
4 THE ENVIRONMENT OF FIRST QUASARS
As mentioned earlier, z ∼ 6 quasars are of particular interest, since
they are assumed to reside in overdensities and pinpoint the lo-
cation of protoclusters. Here we test this idea by considering the
z ∼ 6 quasars in our model and exploring the properties of their
DM halo environment and their descendants at z = 0. We also pro-
vide a calculation for the number of LBGs expected to be found
around z ∼ 5 quasars in order to reconcile the observations that
search for galaxy overdensities around high-z quasars.
4.1 The z = 6.2 quasars and their descendants to z = 0
In this section, we explore the environment of high-z quasars and
present predictions for their descendants at z = 0. We do so by
showing in Fig. 4 how quasars (filled circles) populate the Lbol −
MHalo plane at z = 6.2. In addition, we plot all DM haloes (filled
sult in lower AGN luminosities, however, without affecting the clustering
of these sources much.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Bolometric luminosities and DM halo masses for z = 6.2 quasars
(filled circles). We also plot all haloes with masses greater than 1012 M⊙
that host an AGN (filled squares). Symbols are colour coded according to
the halo mass of the z = 0 descendant, as indicated by the colour bar on
the right. Symbol sizes indicate the ratio of the quasar descendant BH mass
at z = 0 over its BH mass at z = 6.2. The dashed-dotted horizontal line
indicates the mass of the most massive halo at z = 6.2. The hatched area
represents the part of the plane that is not sampled for clarity reasons.
squares) with MHalo > 1012 M⊙ that host an AGN. We sample
these objects from a subvolume of 200Mpc/h of the simulation to
avoid overfilling the plot (yet the volume is large enough to exclude
cosmic variance effects). Objects on the Lbol − MHalo plane are
colour coded according to their descendant halo mass at z = 0, as
indicated by the colour bar on the right. In addition, the size of the
symbols indicates the ratio of the central BH mass at z = 0 to that
at z = 6.2
According to Fig. 4, our model suggests that the halo hosts
of luminous quasars at z = 6.2 span an order of magnitude in
mass, which always remains between∼ 1011−1012 M⊙ (with only
one or two exceptions higher than 1012M⊙). When considering the
extremes of the quasar population, we find that the brightest quasar
at z = 6.2 has a bolometric luminosity of 1046.9 erg s−1 and a host
halo mass of ∼ 1011.8 M⊙. Its descendant at z = 0 is a central
elliptical galaxy with stellar mass of ∼ 1011.4 M⊙ in a DM halo
of mass 1013.4 M⊙. Interestingly, the BH harboured by this quasar
has grown by a factor of six in mass by z = 0.
The galaxy descendants of the rest of the z = 6.2 quasars
show a wide range of morphologies. Even though the majority
of them (60 percent) evolve in to pure spheroids, we find a non-
negligible fraction (15 percent) of disk galaxies (B/T . 0.6).
These are usually satellites galaxies in a variety of halos (fre-
quently also in 1015M⊙ haloes) with relatively low stellar masses
(1012 − 1011M⊙). Another interesting aspect of these galaxies is
that their central BHs have not grown much since z ∼ 6. The char-
acteristics of pure spheroidal descendants (which at z = 0 are el-
liptical galaxies) are also quite diverse, although they do tend to be
more massive (& 1011 M⊙) and centrals. In these galaxies we find
that BHs usually grow more efficiently and, as seen in Fig. 4, in
some of the descendants the central BH has grown by more than
2 orders of magnitude in mass since z ∼ 6. Interestingly, we find
no apparent correlation between z = 6.2 quasar luminosity and
descendant halo mass, stellar mass or morphology.
Similarly to the low-z universe, the most massive haloes tend
to avoid hosting a quasar. This result is in contrast with what is
usually assumed, as outlined previously. A great fraction of haloes
at z = 6 with masses higher than 1012M⊙ is found to host an
AGN of moderate luminosity. The most massive halo at z = 6.2
(MHalo = 1012.85 M⊙) does host an AGN, its luminosity though
is relatively low and equal to∼ 1044.6 erg s−1, which makes it too
faint to be detected with current instruments. The halo descendant
of the most massive halo at z = 6 has a mass of 1014.7 M⊙ and
hosts a massive elliptical with Mrmstar = 1011.5 M⊙. Interest-
ingly, this is not the most massive DM halo in our cosmological
volume at z = 0. This is in agreement with recent findings by
Angulo et al. (2012). These authors showed that in a hierarchical
universe, the future growth of a z ∼ 6 DM halo is more determined
by the environment on scales of ∼ 10Mpc than by the actual halo
mass, as the former is expected to be the main factor shaping the
future halo mass assembly.
The lack of quasars in the most massive DM haloes in the
early universe is due to the universality of the AGN feedback mech-
anism. Even at such high redshifts, haloes with masses greater
than ∼ 1012 M⊙ become subject to feedback. Their space den-
sity is very low (< 10−8Mpc−3), nevertheless, as we shall show
in a forthcoming study, BH growth and quasar activity in these
environments is considerably affected by AGN feedback. Similar
conclusions have been reached by Di Matteo et al. (2012, see also
DeGraf et al. 2012). These authors have employed high resolution
SPH simulations of the growth of BHs in the early universe (with
a box size of 0.75 h−1Gpc) to show that the most massive haloes
(MHalo & 1012M⊙) by z = 6 have already shut off quasar activity
at their centres due to feedback.
The z = 0 halo descendants of luminous quasars are charac-
terised by a wide range of masses, typically higher than 1013 M⊙.
In particular, we find that 42 percent of the z = 6.2 quasars have a
halo descendant with mass in the range 1013−1014M⊙, 48 percent
have a mass of 1014−1015M⊙ (with the majority of them close to
∼ 1014), and 14 percent have a halo descendant more massive than
1015M⊙. Interestingly, when we consider quasar descendants that
are central haloes we find that the fraction in the 1014 − 1015 M⊙
mass regime decreases to only 15 percent. Also, we do not find
central haloes more massive than 1015 M⊙. This means that a great
fraction of these descendants evolve only to become satellites of the
most massive haloes at z = 0. Hence, the majority of z ∼ 6 quasars
although they have possibly been close to the actual progenitors
of the z = 0 most massive haloes, they do not really coincide
with them at that time. We note that the quasar hosts that evolve
to z = 0 central haloes with mass of 1014 − 1015M⊙ represent a
fraction of only 0.6 percent of the total halo population at z = 0
with such mass. Thus, the picture that emerges when comparing
z ∼ 6 quasar host haloes and their descendants at z = 0 is the fol-
lowing. The present-day > 1015 M⊙ haloes did not host a quasar
at z = 6.2 (although there is a non negligible probability of 0.14
that a quasar was in their near vicinity), while there is a probability
of 0.153 that the halo descendant of a z = 6 quasars will coincide
3 The probability of 0.15 (which arises from the fact that 15 percent of
quasar halo descendants evolve to 1014 − 1015M⊙ haloes at z = 0) is
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Figure 5. Spatial maps of QSOs and the most massive DM haloes. Left: The spatial distribution of QSOs (red crosses) and the most massive DM haloes (black
circles) at z = 6.2 in our simulation. Right: The spatial distribution of the descendant DM haloes of z = 6.2 QSOs (blue crosses) and the most massive haloes
at z = 0. The thickness of each slice is 100 h−1Mpc along the z direction. In both panels, the number of DM haloes depicted equals the number of QSOs.
The underlying DM distribution is shown in grey.
with a 1014 − 1015 M⊙ halo at z = 0. Thus, we can conclude that
z ∼ 6 quasars could possibly trace the progenitors of rich clusters
(MHalo ∼ 1014M⊙) but not superclusters (MHalo ∼ 1015M⊙).
The properties of quasars on the Lbol−MHalo plane in Fig. 4
are confirmed also when we consider how quasars are distributed
in the cosmic web. We show this in Fig. 5, where we plot the spa-
tial distribution of quasars relative to that of the most massive DM
haloes at z = 6.2 (left panel) and the distribution of their descen-
dants at z = 0 (right panel). At z = 6.2 we find, that in the major-
ity of the cases quasars avoid the environments of the extreme DM
peaks. In cases where the position of quasars coincides with that
of the largest DM haloes, we find that the host halo has a mass of
∼ 1012 M⊙, in accordance with Fig. 4. At z = 0 we find that the
quasar descendants are found in less extreme environments of the
DM distribution, yet occasionally also in the most massive haloes.
This picture illustrates again that some of the most massive DM
haloes at z = 0 could have hosted a bright quasar at z = 6.2. How-
ever, detecting a bright quasar at z = 6.2 does not guarantee that
its host halo is a progenitor of a massive halo at z = 0.
4.2 Overdensities around z ∼ 5 quasars
As we saw previously, the halo mass of low-z quasars is well below
the mass of the most massive structures of the DM distribution. For
the majority of quasars their environment is representative of that
of the average mass DM haloes. However, at z ∼ 6 the mass of
the most massive haloes is only an order of magnitude higher than
the typical halo mass of quasars. Therefore, we should expect an
enhancement of structures near these quasars (especially for those
really an upper limit since these quasar haloes could have been satellites at
high redshift that merged with the central object before z = 0.
hosted by 1012 M⊙ haloes), yet not as strong as the overdensities
in the most massive haloes.
Husband et al. (2013) recently presented an observational
study of the clustering of LBGs in three quasar fields at z ∼
5. These authors employed spectroscopically identified LBGs in
the ESO Remote Survey (ERGS; Douglas et al 2009, 2010) and
showed that two of the three fields show an overdensity of galaxies
within a narrow redshift range of ∆z = 0.05. When comparing to
the clustered structures identified in ERGS, the authors conclude
that QSO environments are overdense, yet not more extreme than
rich structures in the field. Here, we test this observation by calcu-
lating the number of LBGs expected to be found near a quasar in
our simulation.
We model LBGs as in Lacey et al. (2011), by taking into ac-
count the attenuation of starlight by the dust content of the galaxy.
The predictions of the model for the abundance of LBGs matches
the observed LBG LF over a wide range of redshifts (3 < z < 10)
and the clustering of LBGs at 3 . z . 6 (see Lacey et al., in prep).
Our sample of LBGs considers all galaxies with far-UV (1500A˚)
luminosities in the range determined by the LBG luminosity func-
tion at z ∼ 5, i.e. MAB(1500A˚) 6 −16. With this luminosity cut,
the model predicts an LBG space density of 1.3 × 10−3Mpc−3.
We determine the number of expected LBG neighbours by counting
the total number of LBGs within a sphere of radius 2Mpc centred
around the quasar and normalise it in units of the mean. Our pre-
dictions at z = 5.3 are shown in Fig. 6. We also show the expected
number of LBGs in the field and in the most massive (extreme) DM
structures by selecting all DM haloes with MHalo > 1011 M⊙ and
MHalo > 5×10
12M⊙ respectively. We do not consider haloes less
massive than 1011 M⊙ in the calculation of the field abundance due
to the low resolution of the simulation below that mass.
According to Fig. 6, our model suggests that the number of
LBGs expected to be found within 2Mpc from a quasar is similar
c© 0000 RAS, MNRAS 000, 000–000
The halo environment of luminous quasars 9
Figure 6. The fraction of DM haloes at z = 5.3 hosting n LBGs within
a radius of 2Mpc. The different histograms represent the haloes that
host quasars (orange shading), the most massive DM haloes (MHalo >
5 × 1012M⊙, blue shading) and the “field” DM haloes (MHalo >
1011M⊙, grey shading). The lower luminosity cut for the LBG sample
is MAB(1500A˚) = −16.
to that of the field. However, n > 2 neighbours are expected to
be found in a higher fraction of quasars than in field DM haloes.
This implies that an overdensity is more likely to be found around
a quasar than in the field, in good agreement with the analysis
of Husband et al. On the other hand, LBGs cluster strongly near
the most-massive haloes, where we find that the typical number of
neighbours is ∼ 10 − 25 galaxies. Thus, we expect a consider-
able number of LBGs at the extremes of the DM distribution, much
higher than the one found around quasars. Thus although an en-
hancement of galaxies is expected to be found around quasars (with
a frequency higher than when searching blank fields), the number
of galaxies detected is considerably lower than that expected in the
most massive structures.
We note that, our predictions are very sensitive to the lumi-
nosity cut of the LBG sample. Surveys that do not reach magni-
tudes as faint as the ones we consider here will of course detect a
lower number of objects. When considering brighter samples we
find an overall decrease in the number of LBGs around quasars,
field and extreme haloes, yet the overall picture does not change
much. Hence we conclude, although it is very likely to find an over-
density of galaxies around a quasar compared to the field, the actual
extremes of the DM distribution show a much stronger clustering
signal compared to the environments traced by quasars.
5 SUMMARY-CONCLUSIONS
We have presented an analysis of the DM halo environments of
quasars (active galaxies with bolometric nuclei luminosities greater
of 1046 erg s−1) using the semi-analytic model GALFORM. We
have found that quasars live in average environments with a typical
halo mass of 1012 M⊙. This halo mass remains approximately con-
stant up to z ∼ 4 and is insignificantly dependent on luminosity.
The triggering of quasar activity in higher mass haloes is usually
inhibited by the AGN feedback mechanism. When switching off
feedback in our calculation, we find a typical halo mass higher than
1013M⊙. This is in contrast with the observational estimates from
SDSS and 2dF. Therefore, AGN feedback is necessary not only for
reproducing the right shape of the galaxy luminosity function, but
also the halo environment of quasars.
At higher redshifts quasars reside in massive haloes that have
not yet become subject to feedback. At z ∼ 6 these haloes have
masses of 1011 − 1012 M⊙, almost an order of magnitude lower
than the mass of the most massive bound structures at that redshift.
The descendants of these haloes span a wide range of halo masses,
stellar content and morphologies. We find that an important frac-
tion (15 percent) of these quasars have evolved into disk satellites in
massive haloes (MHalo = 1012−1013M⊙), with their central BHs
having grown only by a factor of a few since z = 6. Quasars also
evolve into spheroidal galaxies (which are associated with ellipti-
cal galaxies), typically found in rich clusters (MHalo ∼ 1014M⊙).
When we consider z ∼ 6 as cosmological probes of protoclusters,
we find that a small fraction (15 percent) of them could be linked
to the progenitor of z = 0 rich clusters. As far as the z = 0 su-
perclusters are concerned (MHalo ∼ 1015M⊙), the model predicts
that these haloes did not host a quasar at z ∼ 6. Therefore, z ∼ 6
quasars do not trace the progenitors of the present-day superclus-
ters.
Regarding the abundance of galaxies detected around high-z
quasars, we find that when searching the fields of z ∼ 5 quasars,
it is very likely to find an overdensity of galaxies. In fact, the prob-
ability of finding one is higher than when searching blank fields.
However, the overdensities detected around quasars are not as ex-
treme as those expected in the most massive haloes at that redshift.
Therefore, observations that find overdensities around quasars do
not really probe the peaks of the DM distribution. The model also
predicts a significant number of quasars that do not reside in an
overdensity. The same picture seems to hold also at z ∼ 6.
To conclude, we have shown that the halo mass of quasars at
all redshifts is average and does not coincide with that of the most
massive structures of the DM distribution. This study is a first step
towards understanding the environment of quasars in the low and
high-z universe. In a forthcoming paper we will explore in detail
the complete evolution through cosmic time of the first quasars in
order to understand better the nature of the most luminous objects
in the Universe.
ACKNOWLEDGEMENTS
The authors would like to thank Raul Angulo and Aaron Dutton
for valuable comments. AVM acknowledges financial support to
the DAGAL network from the People Programme (Marie Curie
Actions) of the European Unions Seventh Framework Programme
FP7/2007- 2013/ under REA grant agreement number PITN-GA-
2011-289313. CMB acknowledges Max-Planck-Institut fu¨r As-
tronomie for its hospitality and financial support through the Son-
derforschungsbereich SFB 881 “The Milky Way System” (subpro-
ject A1) of the German Research Foundation (DFG).
REFERENCES
Allevato V., et al., 2011, ApJ, 736, 99
c© 0000 RAS, MNRAS 000, 000–000
10 Fanidakis et al.
Angulo R. E., Springel V., White S. D. M., Cole S., Jenkins A.,
Baugh C. M., Frenk C. S., 2012, MNRAS, 425, 2722
Bardeen J. M., Bond J. R., Kaiser N., Szalay A. S., 1986, ApJ,
304, 15
Baugh C. M., 2006, Reports on Progress in Physics, 69, 3101
Baugh C. M., Benson A. J., Cole S., Frenk C. S., Lacey C. G.,
1999, MNRAS, 305, L21
Baugh C. M., Lacey C. G., Frenk C. S., Granato G. L., Silva L.,
Bressan A., Benson A. J., Cole S., 2005, MNRAS, 356, 1191
Benson A. J., 2010, Phys. Rep., 495, 33
Bonoli S., Marulli F., Springel V., White S. D. M., Branchini E.,
Moscardini L., 2009, MNRAS, 396, 423
Bonoli S., Shankar F., White S. D. M., Springel V., Wyithe J. S. B.,
2010, MNRAS, 404, 399
Bower R. G., Benson A. J., Malbon R., Helly J. C., Frenk C. S.,
Baugh C. M., Cole S., Lacey C. G., 2006, MNRAS, 370, 645
Cantalupo S., Lilly S. J., Haehnelt M. G., 2012, MNRAS, 425,
1992
Capak P. L., Riechers D., Scoville N. Z., Carilli C., Cox P., Neri
R., Robertson B., Salvato M., Schinnerer E., Yan L., Wilson
G. W., Yun M., Civano F., Elvis M., Karim A., Mobasher B.,
Staguhn J. G., 2011, Nature, 470, 233
Cappelluti N., Ajello M., Burlon D., Krumpe M., Miyaji T.,
Bonoli S., Greiner J., 2010, ApJ, 716, L209
Carilli C. L., Walter F., Bertoldi F., Menten K. M., Fan X., Lewis
G. F., Strauss M. A., Cox P., Beelen A., Omont A., Mohan N.,
2004, AJ, 128, 997
Coil A. L., et al., 2009, ApJ, 701, 1484
Cole S., Kaiser N., 1989, MNRAS, 237, 1127
Cole S., Lacey C. G., Baugh C. M., Frenk C. S., 2000, MNRAS,
319, 168
Croom S. M., Boyle B. J., Shanks T., Smith R. J., Miller L., Out-
ram P. J., Loaring N. S., Hoyle F., da ˆAngela J., 2005, MNRAS,
356, 415
De Lucia G., Blaizot J., 2007, MNRAS, 375, 2
DeGraf C., Di Matteo T., Khandai N., Croft R., Lopez J., Springel
V., 2012, MNRAS, 424, 1892
Di Matteo T., Khandai N., DeGraf C., Feng Y., Croft R. A. C.,
Lopez J., Springel V., 2012, ApJ, 745, L29
Fan X., Strauss M. A., Schneider D. P., Becker R. H., White R. L.,
Haiman Z., Gregg M., Pentericci L., Grebel E. K., Narayanan
V. K., Loh Y.-S., Richards G. T., Gunn J. E., Lupton R. H., Knapp
G. R., Ivezic´ ˇZ., Brandt W. N., Collinge M., Hao L., Harbeck
D., Prada F., Schaye J., Strateva I., Zakamska N., Anderson S.,
Brinkmann J., Bahcall N. A., Lamb D. Q., Okamura S., Szalay
A., York D. G., 2003, AJ, 125, 1649
Fanidakis N., Baugh C. M., Benson A. J., Bower R. G., Cole S.,
Done C., Frenk C. S., 2011, MNRAS, 410, 53
Fanidakis N., Baugh C. M., Benson A. J., Bower R. G., Cole S.,
Done C., Frenk C. S., Hickox R. C., Lacey C., Del P. Lagos C.,
2012, MNRAS, 419, 2797
Fanidakis N., Georgakakis A., Mountrichas G., Krumpe M.,
Baugh C. M., Lacey C. G., Frenk C. S., Miyaji T., Benson A. J.,
2013, ArXiv e-prints
Francis P. J., Bland-Hawthorn J., 2004, MNRAS, 353, 301
Gilli R., et al., 2009, A&A, 494, 33
Gonzalez-Perez V., Lacey C. G., Baugh C. M., Frenk C. S.,
Wilkins S. M., 2013, MNRAS, 429, 1609
Guo Q., White S., Angulo R. E., Henriques B., Lemson G.,
Boylan-Kolchin M., Thomas P., Short C., 2013, MNRAS, 428,
1351
Ha¨ring N., Rix H.-W., 2004, ApJ, 604, L89
Husband K., Bremer M. N., Stanway E. R., Davies L. J. M., Lehn-
ert M. D., Douglas L. S., 2013, ArXiv e-prints
Kaiser N., 1984, ApJ, 284, L9
Kashikawa N., Kitayama T., Doi M., Misawa T., Komiyama Y.,
Ota K., 2007, ApJ, 663, 765
Kim H.-S., Baugh C. M., Benson A. J., Cole S., Frenk C. S., Lacey
C. G., Power C., Schneider M., 2011, MNRAS, 414, 2367
Kim S., Stiavelli M., Trenti M., Pavlovsky C. M., Djorgovski
S. G., Scarlata C., Stern D., Mahabal A., Thompson D., Dick-
inson M., Panagia N., Meylan G., 2009, ApJ, 695, 809
Komatsu E., Smith K. M., Dunkley J., Bennett C. L., Gold B.,
Hinshaw G., Jarosik N., Larson D., Nolta M. R., Page L., Spergel
D. N., Halpern M., Hill R. S., Kogut A., Limon M., Meyer S. S.,
Odegard N., Tucker G. S., Weiland J. L., Wollack E., Wright
E. L., 2011, ApJS, 192, 18
Koutoulidis L., Plionis M., Georgantopoulos I., Fanidakis N.,
2013, MNRAS, 428, 1382
Krumpe M., Miyaji T., Coil A. L., 2010, ApJ, 713, 558
Krumpe M., Miyaji T., Coil A. L., Aceves H., 2012, ApJ, 746, 1
Lacey C. G., Baugh C. M., Frenk C. S., Benson A. J., 2011, MN-
RAS, 412, 1828
Lagos C. D. P., Baugh C. M., Lacey C. G., Benson A. J., Kim
H.-S., Power C., 2011, MNRAS, 418, 1649
Lagos C. d. P., Bayet E., Baugh C. M., Lacey C. G., Bell T.,
Fanidakis N., Geach J., 2012, ArXiv e-prints
Mahadevan R., 1997, ApJ, 477, 585
Marulli F., Bonoli S., Branchini E., Moscardini L., Springel V.,
2008, MNRAS, 385, 1846
Mo H. J., White S. D. M., 1996, MNRAS, 282, 347
Moster B. P., Naab T., White S. D. M., 2013, MNRAS, 428, 3121
Moster B. P., Somerville R. S., Maulbetsch C., van den Bosch
F. C., Maccio` A. V., Naab T., Oser L., 2010, ApJ, 710, 903
Mountrichas G., et al., 2012, MNRAS, 420, 514
Narayan R., Yi I., 1994, ApJ, 428, L13
Norberg P., Baugh C. M., Hawkins E., Maddox S., Peacock J. A.,
Cole S., Frenk C. S., Bland-Hawthorn J., Bridges T., Cannon
R., Colless M., Collins C., Couch W., Dalton G., De Propris
R., Driver S. P., Efstathiou G., Ellis R. S., Glazebrook K., Jack-
son C., Lahav O., Lewis I., Lumsden S., Madgwick D., Peterson
B. A., Sutherland W., Taylor K., 2001, MNRAS, 328, 64
Orsi A., Lacey C. G., Baugh C. M., Infante L., 2008, MNRAS,
391, 1589
Overzier R. A., Guo Q., Kauffmann G., De Lucia G., Bouwens
R., Lemson G., 2009, MNRAS, 394, 577
Parkinson H., Cole S., Helly J., 2008, MNRAS, 383, 557
Porciani C., Magliocchetti M., Norberg P., 2004, MNRAS, 355,
1010
Priddey R. S., Ivison R. J., Isaak K. G., 2008, MNRAS, 383, 289
Ross N. P., et al., 2009, ApJ, 697, 1634
Shakura N. I., Sunyaev R. A., 1973, A&A, 24, 337
Shanks T., Croom S. M., Fine S., Ross N. P., Sawangwit U., 2011,
MNRAS, 416, 650
Shen Y., McBride C. K., White M., Zheng Z., Myers A. D.,
Guo H., Kirkpatrick J. A., Padmanabhan N., Parejko J. K., Ross
N. P., Schlegel D. J., Schneider D. P., Streblyanska A., Swanson
M. E. C., Zehavi I., Pan K., Bizyaev D., Brewington H., Ebelke
G., Malanushenko V., Malanushenko E., Oravetz D., Simmons
A., Snedden S., 2012, ArXiv e-prints
Shen Y., Strauss M. A., Oguri M., Hennawi J. F., Fan X., Richards
G. T., Hall P. B., Gunn J. E., Schneider D. P., Szalay A. S.,
Thakar A. R., Vanden Berk D. E., Anderson S. F., Bahcall N. A.,
Connolly A. J., Knapp G. R., 2007, AJ, 133, 2222
c© 0000 RAS, MNRAS 000, 000–000
The halo environment of luminous quasars 11
Sheth R. K., Tormen G., 1999, MNRAS, 308, 119
Springel V., White S. D. M., Jenkins A., Frenk C. S., Yoshida N.,
Gao L., Navarro J., Thacker R., Croton D., Helly J., Peacock
J. A., Cole S., Thomas P., Couchman H., Evrard A., Colberg J.,
Pearce F., 2005, Nature, 435, 629
Starikova S., et al., 2011, ApJ, 741, 15
Stiavelli M., Djorgovski S. G., Pavlovsky C., Scarlata C., Stern D.,
Mahabal A., Thompson D., Dickinson M., Panagia N., Meylan
G., 2005, ApJ, 622, L1
Swinbank J., Baker J., Barr J., Hook I., Bland-Hawthorn J., 2012,
MNRAS, 422, 2980
Wake D. A., Miller C. J., Di Matteo T., Nichol R. C., Pope A.,
Szalay A. S., Gray A., Schneider D. P., York D. G., 2004, ApJ,
610, L85
Willott C. J., Percival W. J., McLure R. J., Crampton D., Hutch-
ings J. B., Jarvis M. J., Sawicki M., Simard L., 2005, ApJ, 626,
657
Zehavi I., Zheng Z., Weinberg D. H., Frieman J. A., Berlind A. A.,
Blanton M. R., Scoccimarro R., Sheth R. K., Strauss M. A.,
Kayo I., Suto Y., Fukugita M., Nakamura O., Bahcall N. A.,
Brinkmann J., Gunn J. E., Hennessy G. S., Ivezic´ ˇZ., Knapp
G. R., Loveday J., Meiksin A., Schlegel D. J., Schneider D. P.,
Szapudi I., Tegmark M., Vogeley M. S., York D. G., SDSS Col-
laboration, 2005, ApJ, 630, 1
Zheng W., Overzier R. A., Bouwens R. J., White R. L., Ford H. C.,
Benı´tez N., Blakeslee J. P., Bradley L. D., Jee M. J., Martel A. R.,
Mei S., Zirm A. W., Illingworth G. D., Clampin M., Hartig G. F.,
Ardila D. R., Bartko F., Broadhurst T. J., Brown R. A., Burrows
C. J., Cheng E. S., Cross N. J. G., Demarco R., Feldman P. D.,
Franx M., Golimowski D. A., Goto T., Gronwall C., Holden B.,
Homeier N., Infante L., Kimble R. A., Krist J. E., Lesser M. P.,
Menanteau F., Meurer G. R., Miley G. K., Motta V., Postman M.,
Rosati P., Sirianni M., Sparks W. B., Tran H. D., Tsvetanov Z. I.,
2006, ApJ, 640, 574
c© 0000 RAS, MNRAS 000, 000–000
